ABSTRACT Recently, network traffic has been growing exponentially and almost reached the physical capacity limit of single mode fibers. Space division multiplexing (SDM) is a promising technology to overcome the looming fiber capacity crunch. Especially, few-mode multi-core fibers (FM-MCFs) can aggregate multiple cores into one fiber and two or more modes can be transmitted in one core, which can greatly increase the capacity yet introduce crosstalk constraints including inter-and intra-core crosstalk. To our best knowledge, there is no accurate crosstalk calculation model study in SDM optical networks with FM-MCFs. To address this issue, we first introduce the machine learning into the crosstalk prediction phase and propose a novel crosstalk estimation model (CEM) exploiting the beam propagation method called CEMbeam propagation method (BPM)-machine learning (ML), which can be used to evaluate the crosstalk during the design for the resource allocation scheme. Then, a crosstalk aware core, mode, and spectrum assignment (CA-CMSA) strategy is presented. The simulation results for crosstalk estimation at the wavelength level indicate that the crosstalk at lower frequencies is less than that at higher frequencies. Thus, the lower frequencies are always the first choice in the spectrum resource assignment phase. In addition, for our specific training set, the Levenberg-Marquardt (LM) algorithm based on machine learning performs better on the training, including regression values measurement and time consumption. The simulation results of the proposed CA-CMSA scheme also show that the resource allocation algorithm based on LM can improve resource utilization without increasing total connection set-up time. Thus, it will be the best choice for the resource assignment in SDM networks with FM-MCFs.
I. INTRODUCTION
The transmission capacity has been limited by using singlemode fibers (SMFs) owing to the fiber fuse phenomenon and Shannon limit. Space division multiplexing (SDM) can overcome the looming fiber ''capacity crunch'' by enabling the use of an additional degree of freedom in the form of the new ''space'' dimension [1] , [2] . Few-mode multi-core fiber (FM-MCF) is a very promising fiber technology for SDM networks to deliver high capacity and scalability by incorporating the benefits from both multi-core fibers (MCFs) and few-mode fibers (FMFs).
Due to the introduction of a new dimension, it is necessary to develop novel approaches in network layer functionalities enabled by additional constrains, such as spatial crosstalk (XT) and mode coupling. Especially with FM-MCFs transmission, the parameters affecting the XT are multiple, such as the number of modes, core pitch, the coupling coefficient, bend radius, propagation constant, and propagation distance, etc, which causes high complexity of XT calculation for the network layer.
Additionally, the XT may affect the transmission quality of the optical signal seriously during the lightpath establishment, which can lead to the connection blocking. However, in SDM elastic optical networks (SDM-EON) with FM-MCFs, none models on crosstalk estimation can be directly exploited in the resource assignment design for the network layer as of today, failing to avoid the serious XT effects.
For the above reason, we propose the adoption of machine learning (ML). ML can make prediction on XT based on the historical dataset including multiple parameters, such as the core number, mode number, wavelength, and propagation distance, etc. Considering the data source used for training must be well-founded, we exploit the beam propagation method (BPM) to obtain the related training data for practicality. The predicted XT value can be directly used as the measurement for the quality of transmission (QoT).
Thus in this paper, we first propose a novel crosstalk evaluation model based on machine learning with BPM, which is called CEM-BPM-ML. The complex parameters affecting XT in the transmission process can be collected by exploiting BPM to form the train set for ML in order to estimate the XT more accurately in FM-MCF transmission. In view of this, three different ML algorithms are used for the XT prediction, which are Levenberg-Marquardt (LM), Bayesian Regularization (BR) and the Scaled Conjugate Gradient (SCG). The simulation indicates that LM algorithm has better performance on the training regression values measurement and time consumption. Based on the presented CEM-BPM-ML, we further present a crosstalk aware core, mode, and spectrum assignment (CA-CMSA) scheme in SDM-EON. The simulation results show that the total connection set-up time of the CA-CMSA-LM is between the three algorithms, but the difference on resource utilization is fairly slight.
The rest of this paper is structured as follows. In Section II, related works on XT characterization and machine learning in optical networks have been summarized. Section III analyzes the crosstalk in detail for the FM-MCF transmission. Then, in Section IV, we present the crosstalk estimation strategy based on machine learning, including the FM-MCF model and the specific CEM-BPM-ML scheme. In the last part of Section IV, we especially discuss the crosstalk prediction in SDM-EON with FM-MCF transmission. In Section V, we propose the crosstalk aware CMSA scheme. The corresponding simulation has been given in Section VI and the conclusion is drawn in Section VII.
II. RELATED WORKS
In SDM networks, the XT problem caused by the novel optical fiber transmission cannot be ignored. Otherwise, it may result in connection establishment failures. The recent literature has addressed the XT problem from the transmission point and has introduced ML for resource allocation in optical networks. It is worth noting that none work has been done on resource assignment considering XT in SDM-EON with FM-MCF transmission.
A. CROSSTALK CHARACTERIZATION
In this subsection, we mainly discuss the contribution on crosstalk characterization in various FM-MCFs at transmission level [3] - [7] .
Inter-core crosstalk in homogeneous multi-core two-mode fibers has been analyzed under bent condition by using the coupled-mode equations in [3] . Tu et al. [4] adopted a dualring structure for the arrangement of 3-mode 12-core fibers. Then, metrics such as inter-core crosstalk and threshold value of the bending radius have been investigated. 5 spatial modes were successfully transmitted and the group delay spread reduction induced by a constant bend was experimentally confirmed by using a 5-core bundle in the fiber, reported in [5] . Additionally, Sakamoto et al. [6] discussed the impact of the cladding diameter on crosstalk and designed reliable and high spatial density FM-MCFs. Differently in [7] , under assumption of fixed cladding diameter and cladding thickness, homogeneous 12-core 5-LP mode fibers with four different core arrangements have been presented first. Then, the inter-core crosstalk performance with respect to bending radius, core pitch, transmission distance, and wavelength has been analyzed.
Crosstalk analysis in specific FM-MCFs is useful for the RA algorithm design in SDM-EONs. Thus, it is necessary to avoid the XT effects during the connection establishment.
B. XT-AWARE RESOURCE ASSIGNMENT
Works on XT-aware RA algorithms have been also studied in [8] - [10] , whereas Rottondi et al. [8] and Yao et al. [9] designed crosstalk-aware resource allocation (RA) algorithms by exploiting FMFs and single mode MCFs (SM-MCFs), respectively. Tode et al. [10] proposed a XT-aware CMSA method in SDM-EONs with 7-core 3-mode transmission, but the used XT estimation model is only suitable for MCFs.
However, the existing XT evaluation models are not suitable for the FM-MCFs because of the complex inter-core and intra-core crosstalk.
C. MACHINE LEARNING IN OPTICAL NETWORKS
Machine learning is designed to perform detection and decision-making. Wang et al. [11] presented a performance monitoring and failure prediction method in optical networks based on ML to protect services from possible failures and enhance the optical stability. Yu et al. [12] first proposed a deep learning-based resource allocation strategy in intra-datacenter optical networks to improve traffic prediction accuracy. In addition, Barletta et al. [13] investigated a ML technique that predicts whether the bit-error-rate of unestablished lightpaths meets the threshold based on traffic volume, desired route, and modulation format.
However, for the sake of the convenient calculation, the current XT model for the network layer is relatively simple and only estimates the XT value roughly, leading to inaccuracy on the computation results. To the best of our VOLUME 6, 2018 knowledge, there is no accurate XT model which can be directly used for network layer algorithm design in FM-MCFs supporting linear polarization (LP) modes. Thus, we first address this issue leveraging machine learning for making prediction on XT values, which can be directly used for the QoT estimation during the resource assignment.
III. CROSSTALK ANALYSIS IN FM-MCFS
As in MCFs, crosstalk will be the most critical aspect for FM-MCF transmission. There are two types of crosstalk in FM-MCFs: intra-core and inter-core crosstalk. The former is mainly caused by the coupling between the fiber modes within each core due to the fiber imperfections such as bends, twists, and index perturbations, etc. The inter-core crosstalk arises from the mode coupling, including the hetero-mode coupling and homo-mode coupling. To reduce the effect of crosstalk on resource allocation in SDM networks, we mainly discuss the XT from the point of network layer algorithm design in this section.
A. THE INTRA-CORE CROSSTALK
For the intra-core crosstalk, it can vary with the different number of transmitted modes in the core. In the case when only the first 3 mode (LP 01 , LP 11a , and LP 11b ) are used, the modal crosstalk can be roughly calculated by [8, eq . (1)].
where L is the transmission length, measured in km. Eq. (1) is mainly corresponding to the LP 01 and LP 11 coupling. With 5-mode (LP01, LP11a, LP11b, LP21a, and LP21b) transmission, the modal crosstalk accumulated over the link is calculated as Eq. (2), corresponding to the worst case going up from the coupling between LP11 and LP21 groups.
The above two equations can all be directly used for crosstalk evaluation during the routing, mode, and spectrum assignment (RMSA) algorithm design by exploiting FMFs in SDM networks.
B. THE INTER-CORE CROSSTALK
For the inter-core crosstalk estimation, the coupled-power theory (CPT) can be exploited [14] . For single-mode multicore fibers (SM-MCFs), the statistical mean crosstalk is always evaluated by the classical Eq.(3).
In Eq. (3), N c is the number of adjacent cores in a hexagonal lattice structure. h denotes the mean crosstalk increase per unit length and can be calculated by Eq. (4). It is related with the relevant fiber parameters, such as the coupling coefficient (k ), bend radius (r), propagation constant (β), and core-pitch (w). Note that for the specific fibers, Eq. (3) and Eq. (4) can be used for the assessment on the crosstalk during the routing, core, and spectrum assignment (RCSA) algorithm design for network layer in SM-MCF transmission.
However, there is no theoretical model on the crosstalk assessment for the FM-MCF transmission from the point of algorithm design in network layer. Therefore, we evaluate the crosstalk based on a machine learning approach, providing a research reference for CMSA algorithm design in SDM-EON with the FM-MCF transmission.
IV. CROSSTALK ESTIMATION BASED ON MACHINE LEARNING A. THE FM-MCF MODEL
The presented crosstalk estimation strategy and CMSA scheme are all based on a machine learning approach. For the crosstalk evaluation, one part is about the FM-MCF model establishment and relevant data acquisition by using BPM. The other part is crosstalk prediction based on ML. For simplicity, 2-mode 7-core fiber models are used in this paper and given in Fig.1 , including the core arrangement and the index profile. r 1 and r 2 are the core radius and cladding radius, respectively. α is the gradient factor and is the index difference. Two modes (LP 01 , LP 11 ) will be launched in the center core. Note that the inter-core crosstalk relating to higher-order modes such as between the LP 11 modes and between different propagating modes such as between the LP 11 and LP 01 modes should be taken into account. The parameters related with XT will be obtained by BPM.
B. THE CEM-BPM-ML STRATEGY
In this section, we propose the crosstalk prediction model for future services shown in Fig.2 . From the perspective of network layer, the parameters related to the services can include the core c, mode m, wavelength λ, propagation distance L, and the corresponding XT value. λ means that one wavelength will be selected for one service. Under the precondition of ignoring the fiber properties, we study the dependency of XT values on the parameters c, m, λ and L. The key steps are described in the following.
Step1: Transmission related data acquisition. For the data acquisition, BPM is utilized to obtain the relative power of each mode firstly. Then the XT value will be calculated by Eq.(5).
where a and b indicate the core number, which belongs to the set {1,2,3,4,5,6,7}. LP ij represents the LP modes transmitted in the core. In this paper, j will be 1 only and i can be 0 and 1. P LPij@a is the relative power of LP ij mode in core a.
Note that the parameters acquired by the BPM can be much more complicated. From the point of network layer, we just select c, m, λ, and L.
Step2: Data training. Transmission related data obtained in the Step1 is used for repeated training to form the desirable neural network model through different machine learning algorithms.
Step3: Services related data obtainment. For the future network services, XT value can directly affect the transmission quality. Thus, it will be predicted on basis of the data related with the future services, including c , m , λ , and L aiming to provide services with quality guarantee.
c and m will be selected by a first-fit (FF) algorithm as in [19] . λ represents the available wavelengths along the shortest paths calculated by the Floyd algorithm which belongs to the shortest path algorithms [19] , [20] . L will be the length of the selected shortest path. XT threshold is the crosstalk requirement for the services.
Step4: Crosstalk prediction for future services. The values of c , m , λ , and L acquired in the Step3 will be provided as input to the neural network model built in the Step2. A sequence of XT values will be obtained under different c , m , λ , and L values.
C. CROSSTALK PREDICTION IN SDM-EON WITH FM-MCFS
EON can allow an efficient utilization of spectrum resources using 12.5GHz frequency slots (FSs) multiples instead of a fixed spacing [15] , [16] . In this way, requests with different rates can be adaptively converted into a variable number of frequency slots considering different modulation formats [17] . In this paper, the transmission rates are 10 Gb/s, 40 Gb/s, and 100 Gb/s. They are modulated by the on-off keying (OOK), differential quadrature phase shift keying (DQPSK), and the novel dual-polarization QPSK (DP-QPSK), respectively. Additionally, considering the optical amplifiers (OAs), three impairments will be induced, including amplified spontaneous emission (ASE), crossphase modulation (XPM), and four-wave mixing (FWM). For channel spacing of 12.5 GHz on a fiber, the allowed channel frequencies (in THz) are defined in [18] .
where f is the central frequency. N is a positive or negative integer including 0. In EON, the central frequency occupied by the services can be modified and expressed by Eq. (7).
In Eq. (7), f c is the central frequency for services and f 0 is the starting frequency. The relationship between f c and f 0 is shown in Fig.3 . N s is a positive integer and represents the number of required frequency slots for the specific services which can be calculated by exploiting the method in [19] . Note that two frequency slots will be used as the guard bands.
For crosstalk prediction in SDM-EON with FM-MCFs, f c for the services will be calculated by Eq. (7) first. Then, the corresponding λ c is calculated by Eq. (8) which will be used as one of the services related data λ in the CEM-BPM-ML strategy.
V. THE PROPOSED CA-CMSA SCHEME
The physical network topology is modeled as a connected graph G(V, E), where V denotes the node set and E represents the set of bi-directional fiber links. In this paper, 2-mode and 7-core fibers will be deployed in the networks. Each request can be represented by a four-tuple: R = (s, d, XT threshold , N s ), where s and d are the source and destination nodes, respectively. XT threshold is the XT requirement for the specific services.
Continuity constraint for resource allocation must be satisfied with the assumption that there is no converter deployed in the networks. In SDM-EON with FM-MCFs, a 3-dimensional resource model must be used, including the core, mode, and spectrum assignment. But for simplicity, we can exploit a simple 2-dimensional resource model, as shown in Fig.4 . The horizontal axis represents the spectrum resources, expressed by n. The vertical axis denotes the core and mode resources, expressed by core.mode in which core and mode represent the core and mode index, respectively. In this paper, core and mode are in the sets {1,2,3,4,5,6,7} and {0, 1} respectively. The mode 0 and 1 represent LP01 and LP11, respectively. The available resources on each path can be expressed as a sequence:
Note that our proposed CMSA scheme is crosstalk aware and based on the machine learning thought. For the resource assignment process, it can be divided into two stages and described in detail. Find the available spectrum resources according to N s along the former selected mode m j 8. Transform the available spectrum resources into the corresponding wavelength λ i '(i 0) 9. Store the available resources and the corresponding path length into a four-tuple:
end for
Stage 1 is about the available resource sequence generation and described in Algorithm 1. First, k shortest paths for the incoming request R will be calculated by the Floyd algorithm. The length of each candidate path, expressed by L p (0 < p ≤ k), is stored. For the core and mode selection, the FF algorithm will be exploited. The cores and modes will be first numbered and stored in the sets {1, 2, 3, 4, 5, 6, 7} and {0, 1}, respectively. The cores and modes will be selected following the order in their own sets. The available spectrum resources will be found along the former selected mode and core by FF. The spectrum resources search is stopped when a suitable number of continuous and contiguous frequency slots meeting the XT requirement are found.
Then, the available spectrum resources will be eventually transformed into the corresponding wavelengths according to Eq. (7) and Eq. (8). In the end, a four-tuple will be output and can be expressed by S = (c i , m j , λ i , L p ) where i ≥ 0 and j = 0, 1, preparing for the crosstalk prediction in stage 2.
Stage 2 is about the crosstalk prediction and resource allocation indicated in Algorithm 2. First, S = (c i , m j , λ i ', L p ) is fed as input into the CEM-BPM-ML model which can be used to predict the practical XT values for the incoming services. 
end if
The predicted XT values are stored to form a five-tuple: S = (c i , m j , λ i , L p , XT'). FF algorithm can also be used to find the XT' values meeting the requirement. If it is found, other three impairments induced by OAs and different modulation formats will be evaluated by exploiting the models in [20] . The core, mode, and spectrum resources corresponding with the XT' and BER requirement will be assigned to the request. If no XT' values meets the threshold limit, R will be failed to establish.
VI. SIMULATION RESULTS AND ANALYSIS
We first analyze the crosstalk at different wavelengths in this section. The conclusion that the crosstalk at the low frequencies is always lower than that at the higher frequencies provides a useful reference for the CMSA design in SDM-EON. Then, we implement the simulation on the proposed CA-CMSA based on different machine learning algorithms. The network performance on the connection setup time and resource utilization is estimated.
A. CROSSTALK ESTIMATION AT WAVELENGTH LEVEL
In this section, crosstalk is evaluated at the wavelength level. The used FM-MCF model is established by exploiting the software ''RSoft'' based on the BPM. Specifically, we exploit the 7-core fibers which will be deployed in the networks and the modes of LP01 and LP11 are transmitted. The related parameters are listed and described in TABLE 1.
We analyze the crosstalk under different wavelengths from the perspective of algorithm design for network layer. In the context of SDM-EON, the channel spacing will be smaller than that in wavelength division multiplexing (WDM) optical networks, which can make flexible bandwidth provisioning. When FM-MCFs are exploited as the transmission media in SDM-EON, crosstalk brought by them will be one of the main factors affecting the optical transmission quality. Thus, it is necessary to consider the XT effects during the CMSA algorithm design in network layer.
Given this, we make assessment on crosstalk with different wavelengths. The results on relative power of core 1 and core 2 are shown in Fig.5 (a) and (b) , respectively. It presents that the relative power changes slowly at λ = 1350nm. The crosstalk result shown in Fig.5(c) also indicates that the XT value is the lowest at λ = 1350nm at the same propagation distance and the average reduced crosstalk value compared with that at λ = 1550nm is about −42.97dB.
To further analyze the crosstalk between different transmission modes, XT LP01@core2−LP01@core1 and XT LP11@core2−LP01@core1 are evaluated when the LP01 mode is used as the main transmission mode in core 1 and core 2 respectively. The results are shown in Fig.6 and Fig.7 . From  Fig.6 , we can see that the XT will always be the smallest at λ = 1350nm with the propagation distance increasing. Compared with the XT values at λ = 1550nm, the average decreased crosstalk value at λ = 1350nm is about −42.91dB and −58.80dB respectively for XT LP01@core2−LP01@core1 and XT LP11@core2−LP01@core1 . But from the Fig.7 , it indicates that the XT values cannot be obtained easily because of no regularity on the transmission with the propagation distance.
From the view of algorithm design for network layer, the spectrum resources are always divided into multiple FSs with fixed channel spacing (typically 12.5GHz in EON). These FSs will be always numbered according to the ascending order. For one connection request with specific bandwidth requirement, several continuous FSs will be assigned to it. From the above crosstalk evaluation, when the specific FM-MCFs are used in transmission layer, we can conclude that the continuous FSs with the smaller number can be always given the priority selection to decrease the XT effects during the CMSA algorithm design for network layer.
B. PERFORMANCE EVALUATION ON CA-CMSA-ML
To validate the performance of our proposed CA-CMSA-ML scheme, we conduct the related simulations under the topology of the NSFNet with 14 nodes, given in Fig.8 . Note that 2-mode 7-core fibers will be deployed in the networks. In this paper, the related simulation parameters are given in TABLE 2. We assume that the frequency slot width is 12.5 GHz, and the available number of slots for each core is about 128. The starting center frequency, expressed by f cs will be 193.1 THz, which is the baseband in dense WDM networks. Thus, the available spectrum resources range can be 192.3∼193.9 THz (C-band). The required number of frequency slots for the services is randomly distributed within the range between 1 and 4. The number of candidate paths is 2.
To guarantee the transmission performance, two frequency slots will be used as the guard band. To create dynamic traffic, VOLUME 6, 2018 the connection requests arrive at the network following a Poisson process, and the holding time is negatively exponentially distributed.
In this section, we first give the veracity on the crosstalk prediction during the transmission by exploiting three different ML algorithms and the results are given in Fig.9 where the training regression measures the correlation between outputs and targets, representing the fitting degree in a way. Fig. 9 (a) and (b) depict the training regression for the intercore crosstalk. Fig.9(c) is the training regression for the intra-core crosstalk. It is obvious that there is no significant difference between Bayesian Regularization algorithm and Levenberg-Marquardt algorithm on training regression by exploiting our given training data. But it will take more time for the former by the qualitative analysis. The Scaled Conjugate Gradient algorithm can take less time, but resulting in lower training regression. The specific comparison is shown in TABLE 3. We can conclude that the Levenberg-Marquardt algorithm has better performance from the respect on training regression and time-consuming. Then, the model owing the better training results for each ML algorithm will be selected, preparing for XT prediction during the CMSA process. The performance of our proposed CA-CMSA-ML algorithm on the total set-up time and spectrum resource utilization for the services is evaluated. The results shown in Fig. 10 indicate that the connection setup time of CA-CMSA-SCG is the highest. Although the total connection set-up time CA-CMSA-LM is a little bit higher than that of CA-CMSA-BR, the average set-up time difference is only 0.23%. In addition, there is slight difference on spectrum resource utilization for the three CMSA schemes based on different ML algorithms. Thus, we can conclude that for our given training dataset, the performance on training regression and time-consuming for the LM algorithm is better than the other two ML algorithms. The CA-CMSA-LM algorithm will be the best choice for the resource assignment in SDM-EON with FM-MCFs.
VII. CONCLUSIONS
To the best of our knowledge, we first propose a crosstalk evaluation model based on machine learning in SDM-EON with FM-MCF transmission. Based on the presented XT estimation model, we address the issue on CMSA scheme considering the crosstalk, which can improve the quality of services in SDM-EON. The simulation for crosstalk estimation at the wavelength level indicates that the crosstalk at lower frequencies is smaller than that of higher frequencies. In our proposed crosstalk aware resource allocation scheme, the lower frequencies will be always given the first consideration for the FF algorithm. The simulation results of the CA-CMSA scheme show that the CA-CMSA-LM algorithm has given better performance both on the connection set-up time and spectrum resource utilization. HONGYUN XIAO is currently with ZTE Corporation, Shenzhen, China. He is one of the key and core staff and was rated as the Electronic Technology Senior Engineer in 2015. He is mainly responsible for the deployment, operation, and maintenance of optical transport networks. VOLUME 6, 2018 
